The functional characteristics of excitatory synapses differ significantly between pathways and brain regions. The most intensively studied synapses of the hippocampus are those formed by the Schaffer collaterals onto the dendrites of CA1 pyramidal cells, within stratum radiatum (here called, simply, the ''hippocampus pathway''). In the neocortex, stimulating layer IV activates synapses on layer III pyramidal cells (here called the ''neocortex pathway''). Both of these pathways produce lasting synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (refs. 1-4) . However, distinct differences in the expression of long-term synaptic plasticity are evident between pathways of the hippocampus and neocortex (5) . Most notably, the amount of enhancement observed in the hippocampus pathway is greater and develops faster than the enhancement observed in the neocortex pathway, even when using an identical tetanizing induction protocol. The basic synaptic properties that explain these differences in long-term plasticity are unknown. One possibility is that the baseline probability of transmitter release is very different in the pathways (6) . The expression of LTP may depend on an increase in the probability of transmitter release in some synapses (7) , or it may contribute to LTP in other synapses together with a postsynaptic modification (8, 9) . Thus, an already high probability of release in naive synapses of neocortex could limit their capacity for strong expression of LTP.
The short-term plasticity of synapses in hippocampal and neocortical pathways also varies widely. There are several forms of short-term plasticity, such as facilitation, depression, augmentation, and potentiation, that seem to involve presynaptic mechanisms (10) (11) (12) . Facilitation is caused by a transient increase in the probability of transmitter release following synaptic activation, and apparently depends on a small, residual increase in presynaptic internal [Ca 2ϩ ] (10, 13) . Synapses that have an inherently low probability of release tend to display large facilitation, because it is more likely that the second of a stimulus pair will evoke release. In contrast, synapses with an inherently high probability of release tend to display depression, presumably because the pool of vesicles available for release becomes depleted after an initial successful release (14, 15) . A different source of short-term synaptic depression can be neuromodulators (16) (17) (18) that are released by the first stimulus. These may act presynaptically to reduce the probability of release from a second stimulus. Although the hippocampal pathway shows strong facilitation, most neocortical pathways onto pyramidal cells display depression (18) (19) . Posttetanic potentiation, another form of short-term plasticity that is also expressed presynaptically, is largely absent in the neocortex pathway but is quite potent in the hippocampus pathway (3) (4) (5) .
In this study, we compared the short-term plasticity displayed by the neocortex and hippocampus pathways under identical conditions and found them to be dramatically different. Conditions known to increase release probability were more effective in hippocampus, while conditions known to decrease release probability were similarly effective in both pathways. Using the open-channel blocker of N-methyl-Daspartate (NMDA) receptors, MK-801, we found that the large majority of synapses in the neocortex pathway may have a high probability of release.
MATERIALS AND METHODS
The methods used in this study were similar to those described previously (4, 20) . Sprague-Dawley rats (Ͼ200 g) were given an overdose of sodium pentobarbital and decapitated immediately after the disappearance of tail pinch reflexes. The brain was rapidly removed and immersed in ice-cold dissection buffer containing 124 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgSO 4 , 2 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM dextrose. A block containing the parietal neocortex and the underlying dorsal hippocampus was removed and sectioned coronally into 0.4-mm-thick slices using a Microslicer (DSK, Ted Pella, Redding, CA). The slices were collected and transferred to an interface slice chamber (Medical Systems, Greenvale, NY) where they were maintained in an atmosphere of humidified 95% O 2 ͞5% CO 2 and superfused with the previously described buffer at 35.5ЊC at a rate of 1.5 ml͞min. The slices were left undisturbed for at least 1 hr before recording.
Extracellular recording microelectrodes (1 M⍀) were filled with buffer solution. Stimulation was applied to layer IV in the granular somatosensory cortex, and to the Schaffer collaterals of CA1, and recordings were made from layer III and stratum radiatum of CA1, respectively. Synaptic responses were evoked with 200-sec-long shocks of 10-60 A delivered using a
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bipolar stimulating electrode. Baseline responses were obtained at 0.1 Hz using a stimulation intensity that produced approximately a one-half maximal field potential. Synaptic responses were sampled at 5-10 kHz and stored on a computer using EXPERIMENTERS WORKBENCH (Data Wave Technologies, Longmont, CO). The slope of the field potentials were calculated as previously described (4) and used as a measure of the synaptic efficacy. Steady baseline measurements for at least 10 min was a requirement for any experiment to be initiated. Statistical comparisons were performed with a t test.
When drugs were used, they were either dissolved in the recording pipette solution or in the bathing solution. ␣-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors were blocked by including 10 M 6,7-dintroquinoxaline-2,3-dione (DNQX) in the bath solution. NMDA receptors were blocked by including 50-100 M AP5 in the bath solution. ␥-Aminobutyric acid type A (GABA A ) receptors were blocked by including 5-10 mM bicuculline methiodide in the recording pipette (4, 20) . GABA B receptors were blocked by including 300-500 M 2-hydroxy-saclophen in the bath solution. MK-801 was used at 40 M in the bath solution. During the initial 10 min of MK-801 application stimulation was halted. The drugs used were purchased from Sigma or Research Biochemicals (Natick, MA).
RESULTS
Short-Term Synaptic Plasticity Differs in the Neocortex and Hippocampus Pathways. All experiments reported here were performed on coronal slices that contained both the dorsal hippocampus and the granular somatosensory neocortex. We recorded evoked field potentials to compare, under identical conditions, the short-term plasticity of two synaptic pathways within each cortical area. Unless otherwise indicated, the initial slope of the field negativity is used as a measurement (see Materials and Methods). As shown in Fig. 1 A and B (solid symbols; n ϭ 10), paired-pulse stimulation applied to the hippocampal pathway produced significant facilitation at interstimulus intervals between 25 and 150 msec, with a peak effect at about 50 msec. In contrast, application of the same stimulus protocol to the same slices in the layer-IV-to-layer-III neocortex pathway produced depression ( Fig. 1 A and B, E; n ϭ 10); the response to the second stimulus was depressed at all intervals between 25 and 1,000 msec. In the neocortex, pairedpulse depression was biphasic, with two peaks at about 25 and 200 msec. Blocking GABA A , GABA B , and NMDA receptors pharmacologically (AMPA in Fig. 1 A and C) had no significant effect on paired-pulse facilitation in hippocampus ( Fig.  1 A, å; n ϭ 4), but in neocortex it eliminated the depression for a range of intervals between about 25 and 250 msec ( Fig. 1 A and C, Ç; n ϭ 7). A longer-lasting depression in neocortex, which develops at intervals greater than about 200 msec, was not abolished by receptor blockade. These results indicate that under normal conditions, and under conditions in which GABAergic and NMDA receptors are not activated, shortterm plasticity differs dramatically between the tested pathways in neocortex and hippocampus.
[Ca 2؉ ] o Differentially Affects Short-Term Plasticity in the Two Pathways. Modifications of [Ca 2ϩ ] o influence the probability of transmitter release and short-term synaptic plasticity (13) . We used [Ca 2ϩ ] o changes to alter the dynamics of evoked responses in the neocortex and hippocampus pathways. Fig. 2A shows an example of the effect of increasing [Ca 2ϩ ] o from 2 to 5 mM, while recording simultaneously from the hippocampus (å) and neocortex (Ç) in the same slice. Effects in the two pathways differed: neocortex showed only a small enhancement of its evoked response, while the hippocampus was much more strongly and significantly enhanced (neocortex vs. hippocampus; P Ͻ 0.0001). After drugs were applied to block these receptors the stimulation was lowered to match the amplitude of the first response in the pre-drug condition. This change in stimulation strength did not affect the paired-pulse ratio.
of GABA A , GABA B , and NMDA receptors in hippocampus the effects of increasing [Ca 2ϩ ] o on short-term plasticity did not differ significantly from the drug-free condition (not shown).
Facilitation Is Revealed in Neocortex when Probability of Release Is Reduced. In contrast with the differential effects observed after increasing [Ca 2ϩ ] o , decreases in [Ca 2ϩ ] o from 2 to 1 mM produced a similar result in both pathways: the size of the evoked responses decreased (Fig. 2 A, squares) . The decrease in response size did not differ significantly between the two pathways and was not affected when GABA A , GABA B , and NMDA receptors were blocked (Fig. 2B) . The change in the size of the evoked response produced by the [Ca 2ϩ ] o decrease was accompanied by an enhancement in paired-pulse facilitation at 25-to 50-msec intervals in the hippocampus pathway ( Fig. 2C, Normal; f) , and by an appearance of facilitation in the neocortex pathway ( Fig. 2C , Normal; Ⅺ). Similar results also occurred during blockade of GABA A , GABA B , and NMDA receptors in neocortex ( Fig.  2C, AMPA; Ⅺ) , and in hippocampus (not shown).
The fact that the evoked response did not increase in the neocortex pathway as much as in the hippocampus pathway during high [Ca 2ϩ ] o , but decreased similarly in both pathways during low [Ca 2ϩ ] o , suggests that the probability of transmitter release from the neocortical synapses is generally higher than that in the hippocampal synapses. Moreover, the existence of a long-lasting depression in neocortex that is unaffected by changes in [Ca 2ϩ ] o (Ͼ200-msec intervals; Fig. 2C ) suggests that some modulator(s) might be decreasing release probability after the first stimulus, and thus contributing to paired-pulse depression there. The lack of effect of [Ca 2ϩ ] o on this longlasting depression implies that if a decrease in release probability is involved, it must occur at a site downstream from presynaptic calcium entry (21) . Consistent with the longlasting depression involving a decrease in release probability, paired pulses delivered during this depression express facilitation. Fig. 3A shows the effect of varying the interval between two sequential pairs of stimuli, each delivered with an interstimulus interval of 50 msec. As the interpair interval increased, two results were apparent. The absolute size of the responses to the second pair became smaller (as a result of the long-lasting depression shown in Fig. 1 ), but paired-pulse facilitation developed in that pair. Facilitation occurred for a long period of interpair intervals, beginning at about 200 msec and lasting up to several seconds (Fig. 3B) . Varying the interstimulus interval of the second pair of pulses revealed that facilitation peaked at 25-50 msec (Fig. 3C) , similar to that in hippocampus and in neocortex in low [Ca 2ϩ ] o .
Increasing [Ca 2ϩ ] o to 5 mM readily abolished this pairedpair facilitation (Fig. 3B, triangles) , while decreasing [Ca 2ϩ ] o to 1 mM enhanced facilitation (Fig. 3B, squares) . The facilitation revealed by this paired-pair protocol was also observed after blockade of GABA A , GABA B , and NMDA receptors (Fig. 3B,  diamonds) . Similar paired-pair stimuli applied to the hippocampus pathway simply produced paired-pulse facilitation to a similar degree in pairs delivered at intervals greater than about 200 msec (i.e., the first response to the second stimulus pair needed this interpair interval to recover from the facilitation produced by the first pair; data not shown).
Most Synapses in the Neocortex Pathway Have a Relatively High Probability of Release. Several results in this study suggest that synapses in the neocortex pathway have, on average, a higher probability of release than those in the hippocampus pathway. First, under control conditions pairedpulse depression is evoked in the neocortex, while facilitation is evoked in the hippocampus pathway. Second, increasing [Ca 2ϩ ] o (a manipulation known to increase release probability) was much less effective at increasing transmitter release in the neocortex than it was in the hippocampus. Finally, facilitation was unmasked in neocortex by conditions likely to decrease release probability. Previous studies have shown that most of the synapses in the hippocampus pathway of young rats have a very low probability of release (6, 16, 17) , but no data are available on neocortex.
To test further the hypothesis that most synapses in the neocortex pathway have a relatively high release probability, we used the irreversible open-channel blocking action of the NMDA receptor antagonist MK-801. Release of transmitter from a synapse in the presence of MK-801 results in essentially permanent blockade of the opened proportion of its NMDA receptors; repeated activation of a group of synapses results in a progressive decline of the amplitude of the population NMDA receptor-mediated synaptic potential as NMDA channels are removed from the available pool. The rate of decline of the potential thus depends on the probability of transmitter release (6, 16, 17) , other things being equal (see below).
We measured, simultaneously in the two pathways, an NMDA receptor-mediated field potential response isolated by blocking AMPA receptors and GABA A receptors and lowering [Mg 2ϩ ] o to 1 mM (Fig. 4A) . Fig. 4B shows that isolated NMDA-mediated responses in neocortex had paired-pulse profiles similar to those of AMPA-mediated responses to pairs of pulses (cf . Fig. 1) ; with paired-pair stimulus protocols, facilitation was also unmasked at the same intervals (not shown). After MK-801 (40 M) was washed into the bath, repetitive stimulation was applied to both pathways at 0.1 Hz and the rate of decay of the NMDA responses was measured. The decay rate was significantly faster in the neocortex pathway (130 Ϯ 9 sec to half-amplitude) than in the hippocampus pathway (297 Ϯ 12 sec stimuli at half-decay) ( Fig. 4B ; n ϭ 10 slices, P Ͻ 0.0001).
Two straightforward possibilities can explain this result. First, the proportion of synapses with a relatively high probability of release may be larger in the neocortex pathway than in the hippocampus pathway. Alternatively, neocortex would decline faster if it had a higher fraction of NMDA channels blocked by MK-801 when a synapse released transmitter (6, 16) . The fractional block of NMDA channels has not been measured in neocortical synapses. To help distinguish between the two possibilities, we measured the change in paired-pulse responses (50-msec interstimulus interval, applied at 0.1 Hz) in both pathways during application of MK-801. Once again the rate of decay was significantly faster in the neocortex (55 Ϯ 6 sec at half-decay) than in the hippocampus (115 Ϯ 8 sec at half-decay) ( Fig. 5A ; n ϭ 7 slices), and the decay rates with stimulus pairs were about twice as fast as when single stimuli were applied in the presence of MK-801 (cf. Fig. 4C ). As the NMDA responses declined in the presence of MK-801, paired-pulse ratios shifted to more facilitated levels in both pathways, although the hippocampal synapses started from a high baseline level of facilitation while the neocortical synapses started with a slight depression (Fig. 5B) . Facilitation in both pathways peaked by about stimulus pair 18, and then stabilized at about 240% for the hippocampus and 120% for neocortex. We reasoned that, in each synapse pool, those synapses with highest probability of release would be the first ones blocked by the drug; sequential measurements of the paired-pulse relationship as synapses were blocked would ultimately reveal those synapses with the strongest facilitation, and thus the lowest probability of release. This measure is independent of the fractional block per active synapse.
If the percentage block of the NMDA receptor-mediated response is considered relative to the peak in paired-pulse facilitation (Fig. 5C) , synapses carrying about 90% of the current in the neocortex pathway and synapses carrying about 50% of the current in the hippocampus pathway behave as if they have the highest probability of release in their pool. This follows because about 90% of the NMDA response is blocked in neocortex when its maximum pairedpulse facilitation is reached, while about 50% of the NMDA response is blocked in hippocampus when it reaches its maximum facilitation. If the primary difference between the two pathways had been the fractional blockade of channels per releasing synapse, and not the probability of transmitter release, then it is unlikely MK-801 would reveal further facilitation in both pathways. The large difference (twofold) in the maximal facilitation of the two pathways implies further that the synapses carrying half of the current in hippocampus have a much lower release probability than the synapses carrying roughly 10% of the current in neocortex with the lowest release probability.
DISCUSSION
The results of this study suggest that the large majority of synapses in the excitatory neocortex pathway (layer IV-tolayer III) have a relatively high probability of release, while synapses in the hippocampus pathway (Schaffer collaterals of CA1) have a substantially lower probability of release. This difference in basic release properties may explain the distinct characteristics of short-term and long-term forms of plasticity in the two pathways. Thus, a high release probability in naive synapses of neocortex would hinder paired-pulse facilitation, posttetanic potentiation, and a presynaptic contribution to LTP. Indeed, these are all characteristic features of plasticity in the neocortex pathway investigated here.
Previous Work on the Hippocampus and Neocortex Pathways. The release properties and plasticity of hippocampal synapses have been well studied, and our results are in close agreement with previous work. Hippocampal synapses generate robust paired-pulse facilitation, and increasing [Ca 2ϩ ] o abolishes facilitation and increases the size of the evoked response due to an increase in the probability of release (22) . Moreover, our data from the application of MK-801 to hippocampus produced results similar to those reported by others (6, 16, 17) , considering the wide differences in methods. Data from hippocampal slices from animals younger than those used here (6, 17) suggested two populations, or a range, of synapses based on release probability: low and high probability groups, with the low probability portion accounting for half or more of the total.
In contrast with the hippocampus, MK-801 has never been used to test the probability of release in the neocortex. The short-term plasticity of excitatory synapses onto most pyramidal cells in the neocortex tend to show paired-pulse depression (18, 19, (23) (24) (25) , but there are exceptions (26, 27) . In cat visual cortex, different types of excitatory synapses onto layer IV spiny stellate cells show distinct strengths and short-term plasticity (28) . Studies of synaptically coupled pairs of neocortical neurons show that trial-to-trial transmission failure rates are also variable among different pathways of the neocortex (19, 28) .
Conclusions and Implications. We found that depression was evoked in the neocortex pathway in response to paired stimuli, and that increasing [Ca 2ϩ ] o had only a slight effect on the evoked synaptic response. A simple interpretation of these results is that the majority of synapses in this pathway have a high release probability in normal [Ca 2ϩ ] o , and therefore cannot be induced to increase their release much further. A small proportion of the synapses in the neocortex pathway may have a low release probability; increasing [Ca 2ϩ ] o enhanced paired-pulse depression at those intervals (25-50 msec) where facilitation was expressed under other conditions (e.g., Fig.  3C ), suggesting that this facilitation was masked by the larger proportion of synapses displaying depression. In contrast, lowering [Ca 2ϩ ] o , a manipulation known to decrease release probability, produced a decrease of the evoked response and unmasked paired-pulse facilitation in the neocortical pathway. Taken together, these results suggest that the probability of release can be significantly reduced in these neocortical synapses, but cannot be much further enhanced because of an already high probability of release.
Paired-pulse facilitation could be unmasked in the neocortex by delivering a priming stimulus about 200 msec before the test pair of stimuli (Fig. 3) . This revealed facilitation has the properties of presynaptically mediated facilitation, because it was selectively abolished by increasing [Ca 2ϩ ] o , and enhanced by decreasing [Ca 2ϩ ] o . Thus, priming stimuli apparently cause a decrease in release probability lasting for several seconds. The mechanism is unknown, but seems likely to involve the release of one or more neuromodulators that act presynaptically (16, 21, 22, 29, 30 ). The identity of this modulator is also unknown, but there are myriad candidates (e.g., refs. 22, 29-31). Other mechanisms not involving a modulator are certainly possible.
MK-801 was used as an alternative way to probe the release probability of the synapses tested. When stimulated at a low frequency, MK-801 blocked NMDA receptor-mediated transmission much faster in the neocortex than in the hippocampus pathway. This result can also be explained if most of the neocortical synapses have a relatively high probability of release. Indeed our rough estimates suggest that more than 90% of the current in the neocortex pathway is carried by synapses that have a substantially higher release probability than the synapses carrying 50% of the current in the hippocampal pathway, with the highest release probability there. An alternative interpretation of the MK-801 result is that NMDA channels in hippocampus and neocortex have very different probabilities of opening when a synapse has released transmitter. This seems unlikely to explain our results, because the facilitation ratio of the two pathways shifted similarly toward greater facilitation as MK-801 blockade progressed, and the kinetics of synaptically generated NMDA currents in relatively mature neocortex (32, 33) and hippocampus (6, 16) are roughly similar.
A distinct difference in transmitter release probability could underlie several of the characteristic differences in short-and long-term synaptic plasticity between hippocampus and neocortex (5). Here we found that facilitation is only expressed in the hippocampus and not in the layer-IV-to-layer-III pathway in neocortex under normal conditions. Because facilitation mainly involves an increase in release probability in synapses with an inherently low release probability, facilitation could not be strongly expressed in the neocortex pathway. Previous work on LTP in neocortex typically showed that its magnitude of expression is small (3) (4) (5) . This could also be explained if the magnitude of LTP is limited by the baseline properties of presynaptic release. Currently, there is disagreement about whether NMDA receptor-dependent LTP has a presynaptic or postsynaptic locus of expression (34, 35) , and it is possible that there are contributions at both sites. A synaptic population with a generally high release probability would necessarily limit LTP expression in neocortex mostly to a postsynaptic site of expression, and͞or to the small population of synapses with a low baseline release probability. Finally, previous studies have also pointed out that posttetanic potentiation is small or absent in neocortex (3) (4) (5) , and this could also be attributed to a high release probability in this pathway.
Our results reinforce observations that basic synaptic physiology can vary widely in different types of synapses in the cerebral cortex (28, 36, 37) . The structural and molecular bases for these differences are unknown. The size of presynaptic boutons may correlate with release probability (38) ; ultrastructural studies of neocortical synapses show that presynaptic terminals have a wide range of diameters, and terminal size may be pathway-specific (39) . Thus, the release characteristics and plasticity of synapses in neocortex may be adapted to the specific requirements of each pathway.
